The interaction of carbon monoxide (CO) molecules with the facets of noble metal nanoparticles forms the basis of many important catalytic reactions. Using scanning tunneling microscopy (STM), we have studied the adsorption of CO molecules on the (111) facets of Pd nanocrystals supported on a rutile TiO 2 (110) substrate. We observed four compact CO overlayers with coverages ranging between 0.5 and 0.6 monolayer. Examination of the positions of the CO molecules in each of the unit cells reveals that one of the overlayers has a rhombic R19.1˚-4CO structure.
Introduction
The adsorption of carbon monoxide (CO) on metal surfaces has been widely studied because of its relevance to many technological processes, including methanol synthesis, 1 the water-gas-shift reaction, 2 and CO oxidation in catalytic convertors. 3 CO molecules typically occupy a number of different adsorption sites and form a variety of ordered overlayers on metal surfaces. Under some conditions, they also cause the surface to restructure, which has important implications for heterogeneous catalysis. 4 The adsorption behavior of CO on Pd(111) is well understood. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] At low CO coverages (θ CO ), CO molecules occupy threefold fcc-hollow (H) sites, forming a is one CO molecule in the primitive unit cell). 12 Above 0.33 ML, CO molecules also start to occupy twofold bridge (B) sites in addition to the H sites. At 0.5 ML, this leads to the formation of two different c 4 × 2 ( ) − 2CO overlayers, one of which has fcc and hcp-hollow site occupation (HH), the other of which has bridge site occupation (BB). 12 As the CO coverage increases further to between 0.5 and 0.75 ML, CO molecules occupy a combination of different sites and form a series of n × 3 ( ) , as well as other ordered structures. [12] [13] [14] Finally, at 0.75 ML, CO molecules occupy atop (T-), fcc-and hcp-hollow sites, forming TH -2 × 2 ( ) -3CO .
12
Nanoparticles exhibit properties distinct from their bulk counterparts. 3, 15, 16 This, together with their technological relevance, [17] [18] [19] 
Experimental
The experiments were carried out using an Omicron GmbH low temperature STM described in detail elsewhere. 25 TiO 2 (110) samples (PiKem) were cleaned by cycles of Ar + ion sputtering and vacuum annealing to 1000 K. Sample cleanliness and long-range order were checked using X-ray photoelectron spectroscopy (XPS) and low energy electron diffraction (LEED), respectively. Pd was deposited onto the as- STM measurements were made in the constant current mode using electrochemically-etched W tips that were conditioned by outgassing at ~500 K and by high voltage pulses in STM. All STM images were obtained at 124 K.
Results and Discussions
Figure 1a Before imaging, the sample was exposed to 11 L of CO (1 L = 1.33×10 -6 mbar.s).
This gives rise to the ordered CO overlayer that can be observed in As before, we construct models for each of these overlayers based on the soliton model. 13 As shown in Fig 1d, ( ) rect -3CO structure (θ CO = 0.6 ML). Note that such a model has already been proposed for identical overlayers on Pd(111) single crystal surfaces. 13 The model proposed for the 9 × 3 ( ) a 2 overlayer is shown in Fig. 1f and has a unit cell comprising ten CO molecules: six occupy the regular bridge sites while the other four occupy off-bridge sites, leading to a c 9 × 3 ( ) rect -5CO structure (θ CO = 0.556 ML). The V and W shapes shown in the models of Fig 1c, e are reproduced to scale and superimposed onto the images in We will refer to domain walls with this arrangement of CO molecules as type A. ( ) rect structure that has a different arrangement of CO molecules inside its domain walls that we denote as type B. It consists of two rows of off-bridge CO, one of which contains CO molecules offset to the top-left, i.e. towards the neighboring hcp-hollow sites, the other containing CO molecules offset to the bottom-right, i.e. towards the neighboring fcc-hollow sites.
The two models in Fig. 2a ,b cannot be distinguished from the STM images (Fig. 1) . ( ) rect unit cell is (2m+4) which gives a CO coverage of (m+2)/(2m+3) ML.
Exposing the c 9 × 3 ( ) rect -5CO overlayer (Fig. 1c) to an extra 0.33 L CO leads to a structural conversion into another compact CO structure. As shown in the STM image of Fig. 3a , the newly-formed structure is characterized by a rhombic arrangement of CO and has around a quarter of the CO molecules appearing brighter than the remainder. The white rhombus in Fig. 3a is drawn with the vertices over the brightest spots and measurements reveal the side lengths to be 718 ± 10 pm, very close to the value of √7a. Furthermore, one of its sides is aligned at an angle of 19.1˚
from the vertical direction (marked by the blue guideline). As such, we propose a Pd(111), 12 Rh (111), 27 and Ni(111). 28 On Ni(111), the 7 × 7 ( ) R19.1˚-4CO unit cell has one CO occupying an atop site and the remaining three CO molecules in bridge sites. 28 On this basis, we propose our 7 × 7 ( ) R19.1˚ structure in Fig. 3a to have the same occupancy, as illustrated by the model in Fig. 3c . To further confirm our assignment of the structure, we constructed a Pd(111) lattice at the center of the STM image ( Fig. 3b) Presumably, the decrease in stability in having two out of every four CO molecules in off-bridge sites is similar to that incurred by accommodating one out of every four CO molecules in atop sites.
Summary
In conclusion, using STM we have observed four compact overlayers of CO ( ) rect -5CO. The models proposed for these phases are all related to the soliton model suggested by Tüshaus et al. 13 CO molecules occupy off-bridge sites in domain walls that separate CO in bridge sites that form anti-phase domains. The 
